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The superconducting nanowire single-photon detector (SNSPD) is a leading technol-
ogy for quantum information science applications using photons, and they are find-
ing increasing uses in photon-starved classical imaging applications. Critical detector
characteristics, such as timing resolution (jitter), reset time and maximum count rate,
are heavily influenced by the read-out electronics that sense and amplify the photon
detection signal. We describe a read-out circuit for SNSPDs using commercial off-
the-shelf amplifiers operating at cryogenic temperatures. Our design demonstrates a
35 ps timing resolution and a maximum count rate of over 2× 107 counts per second
while maintaining < 3mW power consumption per channel, making it suitable for a
multichannel read-out.
a)Electronic mail: clinton.cahall@duke.edu
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I. INTRODUCTION
Superconducting nanowire single-photon detectors (SNSPD) are one of the leading
solutions for high performance photon detection in quantum information and communica-
tion applications. SNSPDs played a crucial role in the recent loophole-free Bell inequality
measurements1 and the Lunar Laser Communication Demonstration.2 These detectors fea-
ture high detection efficiency,3 low dark count rates, good timing resolution and short reset
times, and enhance the performance of quantum communication protocols such as quantum
key distribution (QKD) and superdense quantum teleportation.4
A superconducting nanowire photon detector was first realized in 2001 by Gol’tsman
and colleagues at the University of Moscow.5 They were able to detect optical photons
with a 225-nm-wide, 1-µm-long niobium nitride (NbN) wire cooled to 4.2K. Since the ini-
tial demonstration of an SNSPD, several groups have advanced this technology to improve
optical coupling,6 increase detection efficiency,7,8 investigate alternate superconducting ma-
terials,9–11 and develop complex detector structures including pixel arrays12–14 and parallel
elements.15,16 These advancements and recent demonstrations of high detection efficiency,17
high maximum count rate18 and good timing resolution,19 have enabled SNSPDs to be a
leading commercial technology20 for quantum optics experiments.
Critical detector characteristics, such as timing jitter, reset times and maximum count
rates,21 are often dictated by the read-out electronics that sense and amplify the electrical
signal generated in response to a photon detection event. In this paper, we describe the
design and performance of cryogenic amplifiers that provide two critical advantages for
SNSPD read-out: (1) the intrinsic amplifier noise can be reduced dramatically, improving
the signal-to-noise ratio (SNR) and hence the timing jitter;22 and (2) placing the first-stage
preamplifier closer to the device provides flexibility to design the effective load impedance of
the amplifier with minimal signal loss between the detector and the preamplifier. There have
been recent demonstrations of low-noise, low-power cryogenic amplifiers built from custom-
made components23,24 and commercially available transistors.25 The main goal of our effort
is to identify a commercial monolithic amplifier read-out circuit that minimizes timing jitter
while maintaining high count rate capabilities, and scalability in terms of cost and power
consumption. These characteristics have a significant impact on the speed and fidelity of
quantum communication protocols such as time-bin encoded QKD.26 Recently, we used our
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amplifier read-out scheme in a high-rate QKD demonstration.27,28
II. LOW TEMPERATURE READ-OUT SCHEME
We explore a range of read-out-circuit strategies using commercial gallium arsenide
(GaAs) monolithic microwave integrated circuits (MMIC). Unlike conventional silicon de-
vices, GaAs chips do not suffer from carrier freeze-out at cryogenic temperatures, and pro-
vide a viable solution for the SNSPD read-out circuit. We compare our read-out circuit
to the high-performance cryogenic amplifier CITLF3 built by Cosmic Microwave Technol-
ogy, formerly part of the Microwave Research Group at California Institute of Technology.
The CITLF3 features 30 dB gain over a bandwidth of 2.5GHz, a noise temperature of 4K,
dissipates 24mW of power, and carries a high cost. We also compare our results to the
performance of commercial low-noise room-temperature amplifiers (Miteq AU1310).
Our most successful circuit uses a GaAs MMIC amplifier chip from Broadcom Limited,
formerly Avago Tech. (MGA-68563). Amplifier prototypes are assembled on patterned
Rogers 4003C high frequency printed circuit board (PCB) with passive components se-
lected for cryogenic compatibility, such as thin film resistors29 and ceramic capacitors using
C0G/NP0 dielectric.30 The amplifier consists of bias circuitry for powering the amplifier as
well as a custom bias network used to split the DC current bias to the detector and the
high-frequency detection signal at the amplifier input. A schematic of the detector and
read-out circuit are shown in Fig. 1.
We test our read-out circuit on single pixel SNSPDs made of a proprietary amorphous
superconducting material from Quantum Opus. Our cryostat system consists of a Gifford-
McMahon (GM) cryocooler and a closed-cycle helium-4 sorption refrigerator featuring a base
temperature of 0.8K, designed to support the operation of SNSPDs made out of tungsten
silicide (WSi), molybdenum silicide (MoSi), and other amorphous superconducting mate-
rials. The 4K-stage of the GM cryocooler provides sufficient cooling power (200mW at
4.2K), adequate for thermally anchoring the low temperature preamplifiers.
To understand our design choices for the read-out circuit, we briefly highlight the charac-
teristics of the SNSPD used in our study. A photon absorbed in a superconducting nanowire
biased with a DC current deposits enough energy in the wire to heat it locally above the
superconducting critical temperature and hence to the normal, resistive state. The tem-
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FIG. 1. Simplified circuit schematic of the detector and pre-amplifier setup. The bias-network
on the amplifier front-end has component values Cbias = 100 pF (Vishay Vitramon, P/N:
VJ0603A101KXBAC31) and Rbias = 100 kΩ (Susumu, P/N: RR1220P-104-D). The resistor in
the bias-network has a large value to act as a constant current source. The high-pass corner
frequency and input impedance are set by the series capacitor Chp and resistor to ground Rl.
These components are internal to the amplifier, and the values depend strongly on the operating
temperature.
perature of the hot-spot region grows due to Joule heating and the resistive section quickly
spreads due to diffusion of non-equilibrium quasi-particles5,31 until a section of the wire is re-
sistive. The hot-spot resistance depends on the material parameters as well as the electrical
readout circuit32 and it typically is in the range of 1-10 kΩ.
The SNSPD is modeled as an inductor Ldet in series with a resistor Rdet to ground, as
shown in Fig. 1. In the detector quiescent state, the nanowire is superconducting and the
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switch in parallel with the resistor is closed. A photon detection event corresponds to the
switch opening, leading to the detector resistance Rdet, where Rdet ≃ 2 kΩ in our device
and our read-out circuit. As the detector cools down and the nanowire returns to the
superconducting state, the switch closes. The inductance arises from the kinetic inductance
of the superconducting nanowire, typically in the range of ∼ 1µH for the devices we tested.
When a photon detection event drives the detector to a normal state, the bias current
through the detector is diverted to the amplifier’s input with a load resistance of Rl provided
by the input impedance of the amplifier, and this current is detected as an output pulse.
The rise time of the detected pulse is determined by τR ≈ Ldet/Rdet, and the recovery time
for the pulse to fully decay and the detector to reset is determined by τDecay ≈ Ldet/Rl.
The values for Ldet and Rdet are estimated using each of these time-constants of the
detection waveform. The value for Ldet is estimated by fitting an exponential function to
the recovery of the waveform back to zero using the value for the read-out circuit load
resistance, such as a 50Ω room temperature amplifier. Once Ldet is known, the value for
Rdet is estimated by measuring the rise-time of a detection waveform. A high bandwidth
read-out must be used in order to limit the effects that a bandwidth-limited read-out circuit
has on the fast rising edge of the waveform.
A read-out circuit optimized for low timing jitter and maximum achievable count rate is
low noise, has a large bandwidth, and is DC coupled at the amplifier input. Electrical read-
out noise is the dominant contribution to the measured timing jitter and is approximately
quantified by the rise time of the photon detection waveform divided by the SNR.17 Timing
performance is improved by a reduction in the amplifier noise and securing a large bandwidth
to improve the rise time of the photon detection waveform. The relaxation time of a photon
hot-spot is on the order of ∼ 500 ps33 and so a bandwidth of a few GHz is desired.
Our amplifier has a 1.5GHz bandwidth, gain of 15 dB at room temperature, and a 65K
noise temperature measured at 4K. The noise temperature is measured at a frequency of
100MHz (well within the high-pass band of the L-R filter, explained later in this section)
using the Y-Factor Method.34 The gain spectra of the GaAs MMIC circuit and the CITLF3
amplifier, both measured at 300K, are shown in Fig. 2. One distinct advantage of our circuit
is the low power dissipation compared to commercial cryogenic amplifiers. We measure power
dissipation of the amplifier operating at a temperature of 4K by recording the supplied
current at different bias voltages. As the bias voltage increases, the amplifier gain increases
5
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FIG. 2. Gain spectra are measured using the tracking source of a spectrum analyzer as the input
(shown in the black trace for reference). The output of the CITLF3 amplifier and the GaAs MMIC
circuit are shown in the red and blue traces respectively.
as well as the signal height. The signal-to-noise ratio (SNR), measured at 4K is calculated
from the average peak height compared to the variance of the noise floor. The SNR improves
as power is dissipated by the amplifier. The SNR levels off at ∼ 115 with ∼ 3mW dissipated,
shown in Fig. 3. All subsequent measurements for the GaAs MMIC circuit are performed at
this bias point of the amplifier. When compared to the 24mW dissipated by the CITLF3
amplifier, an order-of-magnitude reduction in power consumption in our amplifier allows
multiple channels to operate simultaneously without overloading the cryogenic system.
The GaAs MMIC chips are not designed to operate at cryogenic temperatures and so
their performance drastically changes when cooled to 4K. As shown in Fig. 4, the waveform
observed for photon detection events consists of decaying oscillations with an oscillation
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FIG. 3. SNR of photon detection waveforms recorded at a detector bias current of 12µA as a
function of the dissipated power of the GaAs MMIC amplifier.
frequency of ∼ 20MHz and an exponential decay time of τDecay ∼ 193 ns, which is 10×
longer than expected for an input load resistance of 50Ω. This indicates that the load
resistance Rl of the amplifier decreases substantially below its room temperature value of
50Ω when it is cooled. To confirm this behavior, we fit the data shown in Fig. 4 to the
predictions of a PSpice model where we adjust the value of Rl and Chp to match the data.
Our model reveals an under-damped LRC resonator, formed by the kinetic inductance of the
detector Ldet, the input capacitance of the amplifier Chp, and load resistance of the amplifier
Rl. This analysis reveals that Rl ∼ 5− 10Ω.
The input stage of the amplifier, and the load resistor in particular, is not accessible and
so we add an external circuit to modify the effective load impedance and mitigate the slowly
decaying oscillations. A slow decay of the photon detection waveform limits the maximum
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FIG. 4. Detection event waveform (average of 64 traces, green) compared to our PSpice circuit
model (blue). The decay time is 10x longer than expected for a 50Ω load, indicating that the input
resistance of the amplifier chip changes significantly when cooled to 4K.
achievable count rate, and therefore a slow decay is unwanted. In order to mitigate this
effect and maintain high SNR and maximum bandwidth, we add a L-R high-pass filter to
the read-out circuit that performs multiple functions. First, it creates a path to ground
for all frequencies between DC and its 3-dB cut-off frequency given by R/2piL. Here, this
cut-off frequency is chosen so that the oscillations observed in Fig. 4 are coupled to ground
and hence not to the amplifier. An L-R filter with the values L = 220 nH and R = 100Ω
is used in the measurements discussed in the following section. Second, it provides a DC
path to ground to prevent reverse biasing of the detector at high photon detection rates, as
discussed below. Figure 5 shows the photon-detection-event waveform with the filter, where
it is seen that the damping time is so short that only a single oscillation cycle is observed. In
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FIG. 5. Filtered single-shot photon pulse compared to an unfiltered trace averaged pulse. The
1/e recovery time τDecay is reduced by an order-of-magnitude, while the rise time and SNR are
maintained. (Inset) Amplifier circuit schematic showing the L−R filter. The frequency band of
the L-R path to ground is chosen to include the oscillation frequency. In our circuit L ∼ 220 nH
(Epcos, P/N: B82496C3221J000) and R ∼ 100Ω (Susumu, P/N: RR1220P-101-D).
the context of a quantum communications system with a time-bin encoding28 the waveform
with the filter in place is acceptable for reliably resolving photon detections at a rate of
∼ 25× 106 counts per second.
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III. MAXIMUM COUNT RATE
The maximum achievable count rate (measured in million counts per second, or Mcps)
is a performance metric that is heavily influenced by the read-out circuit. The largest con-
tributing factor to the maximum count rate is the input coupling of the first amplifier. As
described in Ref. 21, AC-coupled read-out schemes lead to detector saturation at low detec-
tion rates due to self reverse biasing of the detector. This effect, due to charge build-up on
the input capacitor in the AC-coupled scheme, is present when the detection rate approaches
even a small fraction of the detector recovery time. The high-pass filter employed in our
setup (Fig. 5) provides a DC path to ground, avoiding this problem. The room temperature
amplifier and CITLF3 are AC-coupled, and hence are expected to have degraded saturation
characteristics.
We measure the observed count rate as a function of the input optical power with the
setup shown in Fig. 6a. Saturation results in a slower-than-linear count rate as a function of
the input power because photons arrive at the detector during the deadtime of the detector.
As discussed previously, the deadtime of the detector is determined by τDecay = Ldet/Rl.
The dependence of τDecay on the load resistor implies that the read-out circuit will effect
the maximum count rate of the detector. The interaction of the detector recovery and the
external circuit is discussed in Refs. 21, 32, and 35. We measure the maximum count rate on
a single-pixel, amorphous SNSPD with continuous-wave laser light at 1550 nm (Wavelength
Reference, Clarity-NLL-1550-HP) and a time-tagger (Agilent, Acqiris U1051A). Input flux
to the SNSPD is inferred from the measured power reference and a careful calibration of the
attenuation in the path to the detector. Our results are shown in Fig. 6b-c.
In our GaAs MMIC read-out scheme, the detector operates at a constant bias current of
12µA and the measured counts increase linearly at low input flux until saturation effects
become appreciable at the input photon rate of 2 Mcps. The line continues to track smoothly
and reaches a maximum measured count rate of 20Mcps. This is the point where our time-
tagger began dropping significant counts.
The room temperature amplifier scheme closely follows that observed with the GaAs
MMIC circuit until a measured count rate of ∼ 10Mcps. To obtain these results with
the room temperature amplifier, we had to adjust the detector bias above an input flux of
1Mcps to compensate for the current back-action and prevent the detector from latching.
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The measured counts decrease rapidly at a measured count rate of ∼ 10Mcps due to a
reduction in the detector bias current to a level such that the efficiency of the detector is
decreased substantially.
The detector saturation characteristics using the CITLF3 read-out circuit is measured
with and without a 3 dB electrical attenuator at the amplifier input. Without the attenu-
ator, the AC-coupled input to the amplifier causes the detector to latch at a much lower
bias current. This latching behavior is worse than that observed with the room tempera-
ture amplifier. We believe that the difference between the latching behavior of these two
AC-coupled schemes is due to the proximity of the amplifier input to the detector, or to
differences in the input circuit between the two amplifiers. Due to the lack of a DC path to
ground, the detector bias current had to be adjusted to compensate for latching at each data
point. The reduction in bias current is the cause for the poor efficiency. A 3 dB attenuator
installed between the detector and the amplifier provides a DC path-to-ground. In this case,
we measure the detector saturation characteristics with a constant detector bias current of
12µA. As shown in Fig. 6, the 3-dB attenuator substantially improves the counting capa-
bilities of this read-out scheme. The reduction in measured counts when compared to GaAs
MMIC and room temperature amplifiers is hypothesized to be the result of a difference in
the resistance to ground between our L-R filter on our GaAs MMIC circuit and that of the
attenuator with the CITLF3.
There are other possible front-end circuits that can be placed in front of the CITLF3
amplifier to improve its saturation characteristics. For example, a custom L-R filter inserted
between the amplifier and detector should improve the count rate capabilities of the CITLF3
read-out scheme while providing a DC path-to-ground and avoiding signal attenuation as
with the 3 dB attenuator used here. We believe the count rate performance of the CITLF3
amplifier with an L-R filter could potentially closely follow the saturation characteristics
observed for the GaAs MMIC circuit.
IV. TIMING PERFORMANCE
The maximum rate of communication, especially in time-bin encoded protocols, is affected
by the timing resolution of the detection system. We measure the timing resolution of our
detector-readout circuit combination using a mode-locked pulsed laser source that emits a
11
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FIG. 6. (a) Experimental setup for measuring the maximum count rate. (b) Measured count rate
as a function of the input optical flux. The black line shown is a fixed efficiency of 48%, which
is the expected value at 1.55µm for this device optimized for operation at a wavelength of 1µm.
The purple line shows the expected count rate for a 50Ω load resistance as predicted by the model
in Ref. 21. The poor performance of the CITLF3 without the attenuator is caused by premature
latching of the detector due to the amplifier’s AC-coupling. Data points with circles are recorded
at a 12µA detector bias current. Data points with X’s are recorded at a reduced detector bias
current due to the detector latching. (c) Count rate data in panel (b) plotted as an effective
detection efficiency as a function of the input flux. As the input rate is increased, photons impinge
more frequently on the detector before it has fully recovered and do not register a count, leading
to a reduction in the detection efficiency.
train of ∼ 5-ps-width pulses with a repetition rate of 75MHz at a wavelength of 1030 nm.
A schematic of the measurement setup is shown in Fig. 7a. The output beam is split
by a polarizing beam splitter (PBS), and one beam is measured with a fast photodiode
(Miteq DR-125G-A) that has a bandwidth of 12.5GHz and a jitter of < 5 ps to serve as a
stable timing reference for the pulse arrival. The other beam is heavily attenuated to the
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single-photon level and the attenuation of the path is adjusted so that the detection rate is
∼ 100 kcps (mean photon number ∼ 10−3 per pulse).
A time-correlated, single-photon counting (TCSPC) module (PicoHarp 300 from Pico-
Quant) measures the time delay between the reference signal and the single-photon signal.
The delay due to optical and electrical path length differences is adjusted so that the single-
photon event comes after the reference event. We then record a time-of-arrival histogram,
where the full-width at half-maximum (FWHM) of a Gaussian fit to the distribution char-
acterizes the timing jitter of the detection system. The timing performance of the GaAs
MMIC scheme is compared to both the CITLF3 amplifier and low-noise commercial room
temperature amplifier. The results of our measurements are shown in Fig. 7b-c.
Low-noise room temperature amplifiers are the standard read-out scheme for SNSPDs
and the timing performance of this scheme is a comparison benchmark for the other read-
out schemes. The best timing jitter for room temperature amplifiers is 50 ps at a detector
bias current of 13.1µA. The CITLF3 achieves the lowest timing jitter at each detector bias
current and reaches a minimum value of 33.5 ps at a detector bias current of 10.4µA. A
higher bias current was not accessible due to the detector latching. Adding the attenuator
before the CITLF3 enables a higher achievable count rate but it also degrades the photon
detection signal and negatively influences the timing jitter. The addition of an L-R filter
between the CITLF3 and the detector in place of the 3 dB attenuator would provide a DC
path-to-ground without degrading the detection signal. We believe the detection jitter of the
CITLF3 read-out scheme with an L-R filter would be better than with the 3 dB attenuator
and should closely follow the measurement without the attenuator. The timing performance
of the GaAs MMIC read-out circuit very closely follows the performance of the CITLF3
amplifier with the attenuator on the input, and has a minimum timing jitter of 35.4 ps at a
bias current of 13.1µA.
V. CONCLUSION
We present a low-cost read-out solution for an SNSPD system that is constructed us-
ing commercial GaAs MMIC amplifiers. Our results are highlighted by low noise and high
SNR, allowing for high timing resolution while enabling high count rate capabilities. We
demonstrate a timing jitter performance as low as 35 ps in an amorphous SNSPD, which is
13
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FIG. 7. (a) Experimental setup for measuring the timing jitter of the photon detection. The
time-correlated single-photon counting (TCSPC) module measures the time delay between the
reference signal generated by the high-speed classical detector and the single-photon detection
signal to build a time-of-arrival histogram. The full-width at half-maximum (FWHM) value of the
Gaussian fit to this distribution characterizes the timing resolution of the system. (b) Detection
timing jitter as a function of detector bias current for three different read-out schemes - Low-
noise room temperature amplifiers (black), our GaAs MMIC circuit (blue), and the CITLF3 (red).
(c) Time-of-arrival histogram taken using our GaAs MMIC read-out scheme at a bias current of
13.1µA. A Gaussian fit to the distribution is shown in the red line.
a substantial improvement over room temperature amplifiers and comparable to the perfor-
mance of leading commercial cryogenic amplifiers. Count rates over 20Mcps are observed
with our circuit when using a filter before the amplifier that provides a DC path to ground.
Our circuit has nearly a factor of 10 less power consumption compared to leading commercial
options, which allows a scalable multi-channel read-out scheme to be realized.
14
ACKNOWLEDGEMENTS
This work is supported by Office of Naval Research (ONR) grant on Wavelength-Agile
QKD in a Marine Environment (N00014-13-1-0627), and National Aeronautics and Space
Administration (NASA) grant on Superdense Teleportation (NNX13AP35A). We thank Drs.
Aaron Miller and Tim Rambo for providing SNSPDs for our experiment and helpful dis-
cussions. We also thank Vinay Gowda and the Prof. David Smith research group at Duke
University for assistance in PCB etching.
AUTHOR CONTRIBUTIONS
C.C. designed and built the amplifiers, performed the experiments, and wrote the
manuscript. D.J.G. suggested design changes to the read-out circuit, helped interpret
the data, and helped write the manuscript. J.K. suggested the GaAs MMIC devices for the
experiment, advised various improvements and interpretation of the data, and reviewed the
manuscript.
REFERENCES
1L. K. Shalm, E. Meyer-Scott, B. G. Christensen, P. Bierhorst, M. A. Wayne, M. J. Stevens,
T. Gerrits, S. Glancy, D. R. Hamel, M. S. Allman, et al., Phys. Rev. Lett. 115, 250402
(2015).
2D. M. Boroson, B. S. Robinson, D. V. Murphy, D. A. Burianek, F. Khatri, J. M. Kovalik,
Z. Sodnik, and D. M. Cornwell, in Free-Space Laser Communication and Atmospheric
Propagation XXVI, Vol. 8971 (International Society for Optics and Photonics, 2014) p.
89710S.
3E. A. Dauler, M. E. Grein, A. J. Kerman, F. Marsili, S. Miki, S. W. Nam, M. D. Shaw,
H. Terai, V. B. Verma, and T. Yamashita, Opt. Eng. 53, 081907 (2014).
4T. M. Graham, H. J. Bernstein, T.-C. Wei, M. Junge, and P. G. Kwiat, Nat. Commun.
6, 7185 (2015).
5A. D. Semenov, G. N. Goltsman, and A. A. Korneev, Physica C Supercond. 351, 349
(2001).
15
6A. J. Miller, A. E. Lita, B. Calkins, I. Vayshenker, S. M. Gruber, and S. W. Nam, Opt.
Express 19, 9102 (2011).
7D. Rosenberg, S. W. Nam, A. J. Miller, A. Salminen, E. Grossman, R. E. Schwall, and
J. M. Martinis, Nucl. Instr. Meth. Phys. Res. 520, 537 (2004).
8K. M. Rosfjord, J. K. W. Yang, E. A. Dauler, A. J. Kerman, V. Anant, B. M. Voronov,
G. N. GolTsman, and K. K. Berggren, Opt. Express 14, 527 (2006).
9B. Baek, A. E. Lita, V. Verma, and S. W. Nam, Appl. Phys. Lett. 98, 251105 (2011).
10V. B. Verma, B. Korzh, F. Bussie`res, R. D. Horansky, A. E. Lita, F. Marsili, M. D. Shaw,
H. Zbinden, R. P. Mirin, and S. W. Nam, Appl. Phys. Lett. 105, 122601 (2014).
11V. B. Verma, B. Korzh, F. Bussieres, R. D. Horansky, S. D. Dyer, A. E. Lita, I. Vayshenker,
F. Marsili, M. D. Shaw, H. Zbinden, R. P. Mirin, and S. W. Nam, Opt. Express 23, 33792
(2015).
12E. A. Dauler, A. J. Kerman, B. S. Robinson, J. K. W. Yang, B. Voronov, G. Goltsman,
S. A. Hamilton, and K. K. Berggren, J. Mod. Opt. 56, 364 (2009).
13V. B. Verma, R. Horansky, F. Marsili, J. A. Stern, M. D. Shaw, A. E. Lita, R. P. Mirin,
and S. W. Nam, Appl. Phys. Lett. 104, 051115 (2014).
14M. S. Allman, V. B. Verma, M. Stevens, T. Gerrits, R. D. Horansky, A. E. Lita, F. Marsili,
A. Beyer, M. D. Shaw, D. Kumor, R. P. Mirin, and S. W. Nam, Appl. Phys. Lett. 106,
192601 (2015).
15F. Najafi, F. Marsili, E. Dauler, R. J. Molnar, and K. K. Berggren, Appl. Phys. Lett.
100, 152602 (2012).
16Q. Zhao, A. N. McCaughan, A. E. Dane, F. Najafi, F. Bellei, D. De Fazio, K. A. Sunter,
Y. Ivry, and K. K. Berggren, Opt. Express 22, 24574 (2014).
17F. Marsili, V. B. Verma, J. A. Stern, S. Harrington, A. E. Lita, T. Gerrits, I. Vayshenker,
B. Baek, M. D. Shaw, R. P. Mirin, and S. W. Nam, Nat. Photonics 7, 210 (2013).
18A. J. Kerman, E. A. Dauler, W. E. Keicher, J. K. W. Yang, K. K. Berggren, G. GolTsman,
and B. Voronov, Appl. Phys. Lett. 88, 111116 (2006).
19I. E. Zadeh, J. W. Los, R. B. Gourgues, V. Steinmetz, G. Bulgarini, S. M. Dobrovolskiy,
V. Zwiller, and S. N. Dorenbos, APL Photonics 2, 111301 (2017).
20Photon Spot, Inc., Single Quantum, Quantum Opus, LLC.
21A. J. Kerman, D. Rosenberg, R. J. Molnar, and E. A. Dauler, J. Appl. Phys. 113, 144511
(2013).
16
22J. Wu, L. You, S. Chen, H. Li, Y. He, C. Lv, Z. Wang, and X. Xie, Appl. Opt. 56, 2195
(2017).
23J. C. Bardin and S. Weinreb, IEEE Microw. Wirel. Compon. Lett. 19, 407 (2009).
24S. Montazeri, W.-T. Wong, A. H. Coskun, and J. C. Bardin, IEEE Trans. Microw. Theory
Tech. 64, 178 (2016).
25H. Mani and P. Mauskopf, in 2014 11th International Workshop on Low Temperature
Electronics (WOLTE) (IEEE, 2014).
26T. Brougham, C. F. Wildfeuer, S. M. Barnett, and D. J. Gauthier, Eur. Phys. J. D 70,
214 (2016).
27N. T. Islam, C. Cahall, A. Aragoneses, A. Lezama, J. Kim, and D. J. Gauthier, Phys.
Rev. Appl. 7, 044010 (2017).
28N. T. Islam, C. C. W. Lim, C. Cahall, J. Kim, and D. J. Gauthier, Sci. Adv. 3 (2017).
29J. W. Lamb, Cryogenics 61, 43 (2014).
30F. Teyssandier and D. Preˆle, in Ninth International Workshop on Low Temperature
Electronics-WOLTE9 (2010).
31J. J. Renema, R. Gaudio, Q. Wang, Z. Zhou, A. Gaggero, F. Mattioli, R. Leoni, D. Sahin,
M. J. A. De Dood, A. Fiore, and M. P. v. Exter, Phys. Rev. Lett. 112, 117604 (2014).
32A. J. Kerman, J. K. Yang, R. J. Molnar, E. A. Dauler, and K. K. Berggren, Phys. Rev.
B 79, 100509 (2009).
33F. Marsili, M. J. Stevens, A. Kozorezov, V. B. Verma, C. Lambert, J. A. Stern, R. D.
Horansky, S. Dyer, S. Duff, D. P. Pappas, A. E. Lita, M. D. Shaw, R. P. Mirin, and S. W.
Nam, Phys. Rev. B 93, 094518 (2016).
34P. Horowitz and W. Hill, The Art of Electronics (Cambridge Univ. Press, 1989).
35J. K. W. Yang, A. J. Kerman, E. A. Dauler, V. Anant, K. M. Rosfjord, and K. K.
Berggren, IEEE Trans. Appl. Supercond. 17, 581 (2007).
17
